In this paper, the effect of particle size on the physico-chemical, mineralogical, and leaching behavior of Indian fly ash was studied. Experiments were carried out to study the leaching of different elements such as Mg, Cr, Zn, Pb, Mn, Fe, Cu, Co, Mo, and Ni from Indian fly ash. During the experiments, the liquid-to-solid (L/S) ratio of the fly ash was taken as 9/1, 8/2, 7/3, 3/2, 1/1, and 2/3. The effect of four different particle size ranges (below 53, 53-75, 75-106, and 106-150 μm) of fly ash was analyzed. The ASTMD-3987 method was used to analyze the presence of trace elements from fly ash. In the ASTM D-3987 method, distilled water was used for extraction of leachate. Fly ash slurry samples were agitated in a lubricating type temperature-controlled Remi orbital shaker for a time duration of 18 hours with speed of 100 revolutions per minute (rpm) at a temperature of 25ºC. Distilled water does not save cost as well as being easily available. The leaching test of trace elements from fly ash was investigated at different pH conditions in order to predict the environmental effect from the ash disposal on the groundwater quality. Results revealed that pH of slurry suspension increases with increase in particle size. The pH value of fly ash slurries was negligibly affected by the decrease in L/S ratio for all particle sizes. Fine particles of fly ash produce a more harmful effect as compared to the coarser range of fly ash particles.
Introduction
Coal has been used as a major source of energy for many years in thermal power plants. About 70% of electricity in India is produced from coal-fired thermal power plants (Singh et al., 2018) . However, the quality of coal used in Indian coal-fired thermal power plants is very poor. It contains low calorific value and large ash content, that is, 40-45% (Kumar et al., 2013; Mishra, 2004; Singh et al., 2017a) . The calorific value of Indian coal varies in the range 2450-3000 kcal/kg (Visuvasam et al., 2005) . Bituminous Indian coal ash contains 20-60% of SiO 2 , 5-35% of Al 2 O 3 , 10-40% of Fe 2 O 3 , 1-12% of CaO, and 0-5% of MgO (Ahmaruzzaman, 2010) . Lignite Indian coal ash contains 15-45% of SiO 2 , 10-25% of Al 2 O 3 , 4-15% of Fe 2 O 3 , 15-40% of CaO, and 3-10% of MgO (Ahmaruzzaman, 2010) . The quality of coal ash mainly depends upon combustion efficiency, coal properties, pulverized coal feed, and particle size distribution (PSD) maintained with suitable quality control, etc. (Blissett and Rowson, 2012; Kumar et al., 2014) .
During the disposal of ash from a thermal power plant, a large number of trace elements is produced. These trace elements are hazardous to the environment as well as human health, giving rise to heart attack, liver failure, lung tumor, nervous system damage, etc. (Baba et al., 2010; Ghosh et al., 2006; Ugurlu, 2004) . The environmental hazards can be reduced by proper utilization of ash. Presently, fly ash is utilized in civil engineering applications such as road construction, concrete, structural fill, embankment, and geotechnical applications (Ahmaruzzaman, 2010; Nawaz, 2013; Sharma et al., 2015) . Dermatas and Meng (2003) reported that the tracing elements present in fly ash affect the pH value of fly ash. Baba et al. (2010) examined the leaching behavior of fluidized bed fly ash by using a toxicity test. They reported that pH, amount of lime in fly ash, and temperature were the highly influencing parameters for the leachability. Sarode et al. (2010) investigated leachability of heavy trace elements from bottom ash, pound ash, fly ash, brick, and cement admixture with fly ash using the toxicity characteristic leaching procedure (TCLP) and a batch leaching test to predict the mobility of trace elements into the water. Results show that leachate concentration of trace elements Mn, Mg, and Fe was found higher than in Cu, Zn, Ni, and Pb. Akar et al. (2012) carried out a leaching investigation for an alkaline coal ash sample. They reported that particle size of ash was the most influential leaching parameter. Cheng et al. (2012) examined the extraction of Al from coal ash by using the high-pressure acidic leaching procedure. They found that extraction efficiency of fly ash particles is highly dependent on the size of ash particles. Popovic et al. (2013) investigated the leaching characteristics of trace elements from fly ash. They observed that leachate concentration of Si, Ni, Mg, Cu, and Fe is significantly influenced by the ionic strength of water, whereas elements K, Pb, Cd, Al, Cr, and Mn were not influenced by the ionic strength of water. This happened due to the type of reaction, as the elements K, Pb, Cd, Al, Cr, and Mn undergo surface sorption reactions with water so that the leachate concentration of these elements is comparatively lower. Kumar et al. (2016) studied leaching behavior of fly ash by varying the liquid-to-solid (L/S) ratio from 20:1 to 60:1. They used the standard TCLP method to determine leachate concentration of Mg, Mn, Zn, Cr, Ni, Co Fe, Pb, Cu, and Mo from fly ash. They concluded that leachate concentration of trace elements depends upon pH and the L/S ratio. Singh et al. (2017b) investigated leaching behavior of fly ash disposal from an Indian thermal power plant. They reported that as the solid concentration of fly ash slurry suspension increases the pH value was decreased.
A review of the literature concludes that pH value and particle size are the most influential parameters for leaching of trace elements. In this context, the present study has been carried out to study the influence of PSD on physical, chemical, mineral, and trace element characterization of fly ash.
Materials and methods
A fly ash sample was collected from Guru Gobind Singh Super Thermal Power Plant, Ropar (India). A number of laboratory scale tests were conducted to analyze the physico-chemical characteristics of fly ash samples. The Aimsize (AS-2011) particle size analyzer was used to determine the PSD of fly ash. The Aimsize (AS-2011) works on the principle of Mie scattering to determine the PSD of fly ash in the range 0.1 to 500 μm. A mechanical sieve shaker (manufactured by Superb Technologies, Ambala, Haryana, India) with British Standard sieves was used to separate the fly ash particles in the four different ranges, namely below 53, 53-75, 75-106, and 106-150 μm. The four different particle size ranges of fly ash samples are labeled as F 1 , F 2 , F 3 , and F 4 . The PSD of parent fly ash is shown in Table 1 .
The specific gravity of ash samples was determined as per IS: 2386 -III (1963 with the help of a water pycnometer. The bulk density was calculated in the following equation:
Bulk Density = Oven dry weight of fly ash
Volume of the air dry fly as ρ ( )
The water holding capacity of the ash samples was determined with the help of the Keen-Raczkowski box method (Black, 1965) . Initially, the fly ash samples were dried in an oven at 105ºC. Then, dry fly ash samples were passed through a 2000 μm sieve. The round filter paper was fixed at the bottom of a KeenRaczkowski box and then weighed with the help of a weighing machine. The plate is then filled with a fly ash sample by tapping quickly, the top of fly ash sample was made plain, and then its weight was noted down. Afterwards, the Keen-Raczkowski box was put in an enamel tray and water was poured into it up to half of the box height. The box was kept in water for 5-6 hours. Then, the box was removed from the water and placed over the filter paper to remove the excess amount of water through filter paper for the next 30 minutes, and then the weight of moist fly ash samples was measured again. The water holding capacity of fly and bottom ash samples were measured by using equations (2) and (3) (Black, 1965) : 
×100
(2)
The gravitational settling method was used to determine the static settled concentration of fly ash slurry that represents the maximum value of its solid concentration. A digital pH meter was used to determine pH value of the fly ash slurry suspension at any given L/S ratio. A scanning electron microscope (Model: JSM-6510LV, JEOL, The Netherlands) with energy dispersive spectroscopy was used to analyze the surface morphology and chemical composition of fly ash. The Philips X'pert Diffractometer (Model: PW-1710) was used to analyze mineralogical composition using the X-ray diffraction (XRD) technique. The trace element analysis was performed to investigate the harmful environmental effect produced by the fly ash. The ASTMD-3987 method was used to analyze the presence of trace elements from collected fly ash samples. Before the leaching test, the fly ash sample was dried at 120ºC for 12 hours and then cooled. The L/S ratio taken was 20:1. The shaking operation was carried out at 100 rpm and 50ºC with Remi orbital shaking for 48 hours. An AAS-4129 (atomic absorption Table 2 (serial numbers x-xii). The value of uniformity coefficient was found in the range of 1.20-1.72 (below 6) for samples F 1 , F 2 , F 3 , and F 4 . The value of curvature coefficient was found as 0.91 and 0.90 (uniformity coefficient < 1) for samples F 1 and F 2 , whereas the value of curvature coefficient for samples F 3 and F 4 was found as 1.02 and 1.05, respectively (uniformity coefficient > 1). The fly ash F 3 and F 4 were considered to be poor graded while the values of uniformity coefficient < 6 and curvature coefficient > 1 were found (according to ASTM D-2487). So, fly ash particle size ranges F 3 and F 4 are not suitable for utilization in cementing and stowing applications. The span of a particle size range determines its homogeneity. The value of span was found in between the range of 0.18-0.47 which indicates that all the samples of fly ash distribution are homogeneous.
Specific gravity, bulk density, water holding capacity and porosity. The bulk density was determined as 1.17, 1.15, 1.10, and 1.02 gram/cm 3 , whereas specific gravity of the fly ash samples was found as 2.24, 2.21, 2.17, and 2.06 for samples F 1 , F 2 , F 3 , and F 4 , respectively. The specific gravity and bulk density of fly ash decrease with an increase in the particle size range. As the particle size increases, the gap between the particles increases; moreover, particle weight per unit volume is reduced which tends to decrease the specific gravity and bulk density of fly ash (Nikbin et al., 2016) . The water holding capacity of the fly ash samples was found as 44.21, 45.67, 48.36, and 52.80% for samples F 1 , F 2 , F 3 , and F 4 , respectively, whereas the value of porosity was determined as 46.70, 47.96, 49.31, and 50.48%, respectively. In the regularshaped finer fly ash, the gap between particles was very small, which improves the uniformity between particles that control the interconnected pores, hence the porosity and water holding capacity of fly ash are reduced (Kim and Lee, 2011; Nikbin et al., 2016) . High porosity and water holding capacity indicate the use of fly ash as a substitute for soil and gravel for road embankments (Asokana et al., 2005; Yin et al., 2007) . (Table 2 , serial number xiii). It seems that the final settled concentration of fly ash slurry was decreased with an increase in the particle size because the coarse and irregular shape of fly ash particles settled more rapidly with time as compared to finer shape particles (Kumar et al., 2013) .
pH value. The pH values of four different particle size ranges (below 53, 53-75, 75-106, and 106-150 μm) of fly ash samples are shown in Figure 1 . The L/S ratio of the slurry suspension was taken as 9/1, 8/2, 7/3, 3/2, 1/1, and 2/3. The pH value of fly ash samples F 1 , F 2 , F 3 , and F 4 varies in the ranges of 6. 10-5.95, 6.30-6.15, 6.55-6.10, and 6.75-6.38, respectively (Table 2 , serial number xiv). From the pH value data, it is observed that pH of slurry suspension increases with the increase in particle size. The finer particle of fly ash was found to be more reactive as compared to the coarser particle. It can be also inferred that the L/S ratio of fly ash slurries has a negligible effect on pH value (Chandel et al., 2009; Kumar et al., 2013) .
Influence of particle size on cenospheres
The scanning electron micrograph of different particle size ranges of fly ash samples F 1 , F 2 , F 3 , and F 4 at a magnification of 1000× are shown in Figure 2a -d. Micrographs data reveal that below 53 μm the particle size of fly ash consists of mostly spherical particles. The brighter fly ash particles are identical to "cenospheres." As the particle size increased from 53 to 75 μm, the size of cenospheres increased. However, the quantity of cenospheres decreases with particle size above 75 μm. The irregular-shaped particles can be seen in Figure 2c -d. It seems that a large number of irregularly shaped particles were present in the range of 106-150 μm. The regular-shaped fine spherical particle (cenospheres) of fly ash provides the low friction which helps improve the flowability and rheology of suspension (Kumar et al., 2013) .
Mineral characterization of fly ash
From the chemical composition of the fly ash sample result, it is found that the proportion of aluminum oxide and silica oxide are more as compared to other elements such as iron, potassium, calcium, copper, magnesium, zinc, etc. The percentage of aluminum oxide and silica oxide in the fly ash sample was found as 36.73% and 53.63%, respectively. This shows that these particles have a high surface enrichment of Al/Si. High surface enrichment of Al/Si indicates that these particles cause drag effects on the flow behavior of the fly ash slurry (Mosa et al., 2008) . The loss of ignition (LOI) was performed as per ASTM C-311 standards/C311M-17. The value of LOI in the fly ash sample was found as 2.59%. The XRD result of fly ash is shown in Figure 3 . It seems that the major crystalline phases identified in the collected fly ash sample are quartz, mullite, hematite, and kyanite. The phases of the quartz, mullite, hematite, and kyanite in the sample are found as 42.8%, 51.4%, 0.2% and 4.9%, respectively. Quartz and mullite are found most commonly as phases in the fly ash sample. The chemical composition of quartz is SiO 2 and the composition of mullite is Al (4+2x) Si (2-2x) O (10-x) , where the value of x varies between 0.17 to 0.59. The peaks in diffractions of the fly ash sample indicate quartz as a primary mineral. The strongest peak (2θ) of quartz (SiO 2 ) in the fly ash is found as 26.622°. A similar strongest peak of mullite was found as 26.224°.
Influence of time duration trace element characterization
The trace element concentration of different particle size ranges of the fly ash sample established by leaching time duration is shown in Figure 4 . The L/S ratio was kept constant, that is, 20:1. Leaching experiments were performed for the time durations of 5, 10, 15, and 20 days. From Figure 4 , it is noticed that as the time duration was increased from 5 to 20 days, the leachate concentration of trace elements was also increased. With the increase in time duration, it was also observed from data that Cr, Co, and Mo were leached out at a higher rate as compared to other trace elements. This happened due to the fact that the elements Cr, Co, and Mo undergo surface sorption reactions with water so the leaching rate of these elements is lower as compared to other elements (Popovic et al., 2013) .
Influence of particle size on trace element characterization
The trace element concentration of different particle size ranges of the fly ash samples F 1 , F 2 , F 3 , and F 4 is shown in Figure 5 . The trace elements such as Mg, Cr, Zn, Pb, Mn, Fe, It is also observed that the leachate concentration of trace element is increased with the decrease in particle size. The pH value of fly ash decreases with the decrease in particle size. The pH value of fly ash samples F 1 , F 2 , F 3 , and F 4 varies in the ranges of 6. 10-5.95, 6.30-6.15, 6.55-6.10, and 6.75-6.38 , respectively. Finer particles of fly ash (F 1 and F 2 ) released more leachate concentration of trace element due to comparatively lower pH value rather than coarser particles (Kumar et al., 2016; Tan and Xiao, 2012) . In other words, fine particles of fly ash produce a more harmful effect as compared to the coarser range of fly ash particle. From the leaching result data of fly ash, it seems that trace elements Mn, Mg, Cr, Zn, Ni, Pb, Fe, and Cu are the most abundant while Co and Mo are the least abundant elements. The trace elements Co, Ni, Pb, and Cu were found under the prescribed limits (IS:10500, 2009), whereas elements Mn, Mg, Cr, Zn, and Fe have crossed the standard limits. The present leaching result data show good aggregation with the results claimed by researchers (Baba et al., 2010; Xu and Chen, 2015) on coal ash of power plants.
Conclusions
On the basis of the present study, it can be concluded that:
• • Specific gravity and bulk density of all sample increases, whereas porosity, water holding capacity, and LOI decrease as the particle size of fly ash decreases. 
